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P i 1  

ANALOG SIMULATION OF PILOTED EARTH REENTRY 

AT PARABOLIC VELOCITY 

* * By M. T. Moul, E. J. White, and A. A. Schy* 

NASA Langley Re search Center 

s u m m y  

t e d  e a r t h  reent ry  a t  parabol ic  veloci ty  w a s  s 

/g4 ?Y 
t i s f a c t o r i l y  simulat-  1 by 

employing analog computing equipment. The a b i l i t y  of a p i l o t  t o  cont ro l  a space- 
c r a f t  and t o  perform long- and short-range navigation tests w a s  determined. I n  
simulated emergency conditions the  p i l o t  accomplished a safe  en t ry  w i t h  a d isp lay  
presentat ion of only bank angle and longi tudinal  accelerat ion.  

INTRODUCTION 

For severa l  years now t h e  problems associated with t h e  e a r t h  en t ry  of space- 
c r a f t  re turning from e x t r a t e r r e s t r i a l  flight have been under study. Three main 
problems t o  be contended with f o r  surv iva l  i n  such an en t ry  are (1) acce lera t ion  
environment, (2) aerodynamic heating, and ( 3 )  plane tary  capture. Solutions f o r  
sa fe  atmospheric en t ry  a re  accomplished by su i tab le  t rade-of fs  between vehicle  
design and r een t ry  t r a j e c t o r i e s .  One treatment of th i s  subject has been presented 
by Chapman i n  reference 1. 

The l i m i t i n g  en t ry  t r a j e c t o r i e s  are shown i n  f i g u r e  1. Shallow e n t r y  i s  
r e s t r a ined  by t h e  requirement of e a r t h  capture, whereas s teep en t ry  i s  r e s t r a ined  
by acce lera t ion  o r  heat ing environment. By de f in i t i on  an en t ry  more shallow than 
t h e  overshoot condition would result i n  return t o  o r b i t .  Likewise, an e n t r y  
s teeper  than the undershoot condition would encounter i n to l e rab le  acce lera t ions  
o r  heating. 

From such possible  en t ry  conditions a maneuverable r een t ry  vehicle  by 
u t i l i z i n g  i t s  aerodynamic capab i l i t y  possesses some range-control po ten t i a l .  
Some possible  t r a j e c t o r i e s  t h a t  a control led l i f t i n g  spacecraf t  might t r ave r se  
are a l s o  shown i n  this  f igure .  The short  range e n t r i e s  r e s u l t  from pu l l ing  down 
i n t o  a high g condi t ion from e i t h e r  a shallow o r  steep entry.  The long range 
e n t r i e s  r e s u l t  from producing a control led skip t o  a given a l t i t u d e  followed by 
a suborb i ta l  g l i d e  at A study of f l ight mechanics and range-control 
c a p a b i l i t i e s  f o r  severa l  c l a s ses  of reent ry  vehicles  i s  presented i n  reference 2. 

(L/D)ma. 

Inasmuch as t h e  accessible  landing area designated by t h e  arrows depends on 
t h e  a b i l i t y  t o  con t ro l  t h e  spacecraft  along the  extreme t r a j e c t o r i e s ,  a fixed-base 
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simulation w a s  undertaken t o  determine the  p i l o t s '  c a p a b i l i t i e s  i n  t h i s  respect .  
It w a s  desired t o  inves t iga te  the  e f f ec t s  of l o s s  of automatic damper equipment 
on t h e  p i l o t ' s  a b i l i t y  t o  perform the  maneuvers required i n  the  extreme t r a j e c -  
t'ories. 
whether the p i l o t  could maintain cont ro l  of t he  vehicle  with the  dampers out and 
by comparing t i m e  h i s t o r i e s  f o r  damper-in and damper-out conditions. A s  a rough 
quant i ta t ive  measure of t h i s  a b i l i t y ,  a comparison w a s  made of r . m . s .  deviations 
i n  f i n a l  range f o r  s e r i e s  of e n t r i e s  with dampers i n  and out.  For t h i s  purpose, 
i t  w a s  pa r t i cu la r ly  important t o  have the  computed range reasonably accurate even 
on long range e n t r i e s  and it w a s  a l so  important t o  have an accurate short-period, 
dynamic representation of t he  undamped vehicle  throughout t h e  t r a j ec to ry .  This 
combination of requirements, along with the  necessi ty  f o r  real-time computation 
with the  human p i l o t  i n  the  loop, gave r i s e  t o  unusual d i f f i c u l t i e s  i n  a t t a i n i n g  
a sa t i s f ac to ry  analog setup. 
imental r e s u l t s  of the  simulation w i l l  be discussed herein.  

~ 

This a b i l i t y  could be evaluated i n  a qua l i t a t ive  manner by simply noting ' 

Both the  analog programing techniques and the  exper- 

SIMULATION REQUIREMENTS 

The problem posed i n  t h e  introduct ion i s  bas i ca l ly  one of p i l o t  control  of 
spacecraft  pos i t ion  and a t t i t u d e  over a wide range of a l t i t u d e  and veloci ty .  The 
primary elements of the simulation are then (1) an e l ec t ron ic  computer solving a 
set of six-degree-of-freedom equations of motion, (2) a p i l o t  s t a t i o n  including 
con t ro l l e r s  t h a t  provide a means f o r  cont ro l l ing  a t t i t u d e  (propulsive systems f o r  
control l ing ve loc i ty  are excluded), and ( 3 )  an information d isp lay  of t r a j ec to ry ,  
dynamic, and accelerat ion parameters. 

No automatic guidance systems a re  included; navigat ional  t a sks  a re  accom- 
pl ished by t h e  p i l o t  closing the  loop between output quan t i t i e s  and control  e l e -  
ments by the use of t he  information d isp lay  and spacecraf t  cont ro l le rs .  

The required ranges of some of the var iab les ,  which were considered t o  pre- 
sent  analog programing problems, a re  as follows: 

Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 t o  20 min 
Al t i tude  . . . . . . .  ; . . . . . . . . . . . . . . . . .  100,000 t o  400,000 f t  

Atmospheric dens i ty  . . . . . . .  3 X t o  7 X slug/cu f t  ( lb-sec2/ft4) 
Velocity . . . . . . . . . . . . . . . . . . . . . . . .  14,000 t o  36,000 f t / s e c  
Acceleration . . . . . . . . . . . . . . . . . . . . . .  0 t o  32O(lOg) f t / s ec2  
Dynamic pressure . . . . . . . . . . . . . . . . . . . . . . . .  0 t o  700 l b / f t 2  
Angle of a t tack . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 t o  30' 
Angle of bank . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Y p O o  

Par t i cu la r ly  c r i t i c a l  areas of t h e  computer program, where accuracy must be 

Accuracy i s  required i n  l i n e a r  acce lera t ions  i n  order  f o r  t he  
maintained, w e r e  foreseen t o  be i n  the  generation of l i n e a r  acce lera t ions  and 
dynamic pressure. 

t r a j e c t o r i e s  ( J a  dt)  t o  be meaningful. I n  p a r t i c u l a r ,  v e r t i c a l  acce le ra t ions  

a r e  important i n  the  long-range skipping t r a j e c t o r i e s  where consis tent  range data 
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are required.  I n  t h i s  condition t h e  ne t  v e r t i c a l  acce le ra t ion ,  although near 
zero, i s  an important f a c t o r  i n  determining the  maximum a l t i t u d e  and range 
t rave led  i n  the  skipping t r a j ec to ry .  Another var iab le  a f fec t ing  the  t r a j e c t o r y  
i s  dynamic pressure.  
t h e  aerodyrmqic forces  ( l i f t  and drag) which influence accelerat ions and conse- 
quently the  t r a j ec to ry .  

Dynamic pressure i s  an important var iable  i n  determining 

One purpose of t h i s  inves t iga t ion  was t o  determine the a b i l i t y  of  a p i l o t  t o  
control  t he  vehicle  and accomplish a given task i n  the  vehicle  condition of no 
damping augmentation, f o r  which the  spacecraft i s  neu t r a l ly  s tab le .  The simula- 
t i o n  of t h i s  condition requi res  nonlinear equipment of su f f i c i en t  dynamic perform- 
ance t h a t  no appreciable phase l ags  are encountered i n  t h e  vehicle dynamics loops. 
The exis tence of phase l a g s  could produce divergent cha rac t e r i s t i c  modes i n  t h e  
no-damping condition r a the r  than t h e  desired near-neutral  s t a b i l i t y .  

The cont ro l  of vehicle  dynamics and t r a j e c t o r y  i n  such a condition i s  a m a r -  
g i n a l  s i t u a t i o n  i n  t h a t  t h e  p i l o t  must share h i s  a t t en t ion  between t h e  two tasks .  
Any decrease i n  damping may produce a s i tua t ion  i n  which the  p i l o t  l o ses  cont ro l  
of e i t h e r  vehicle  a t t i t u d e  o r  t r a j ec to ry .  Obviously then, an accurate dynamic 
simulation i s  required i n  order t o  obtain va l id  r e s u l t s  i n  the  invest igat ion.  

The requirements f o r  accurate t r a j e c t o r y  da t a  and vehicle  dynamics l ed  t o  
the  choice of t h e  following axes systems f o r  def ining the  vehicle motion: 

(1) Rotat ional  degrees of freedom - a body axes system with X-axis coin- 
c iding with t h e  spacecraf t  axis of symmetry 

(2)  Trans la t iona l  degrees of freedom - a moving set of axes f ixed t o  t h e  
spacecraf t  cen ter  of gravi ty ,  the Z - a x i s  d i rec ted  along the  l o c a l  
v e r t i c a l ,  and t h e  X-axis d i rec ted  along t h e  horizontal  component of 
the i n i t i a l  ve loc i ty  vector,  designated a geographic axes system 

The se lec ted  geographic system w a s  appropriate f o r  th i s  problem, s ince t h e  
e a r t h  w a s  assumed t o  be spherical  and nonrotating. Hence, the or ien ta t ion  of t h e  
spec i f i c  t r a j e c t o r y  t o  t h e  earth polar  a x i s  was not required. The axes systems, 
equations of motion, and analog programing techniques f o r  this type of problem 
are discussed i n  d e t a i l  i n  references 3 and 4. The axes system se lec ted  f o r  t h i s  
problem i s  the  same as one discussed i n  reference 3 .  Since motion of t r a n s l a t i o n  
w a s  computed i n  a l o c a l  horizontal  axes system, aerodynamic forces  were determined 
i n  t h e  vehicle  body axes system and then t ransfer red  t o  t h e  geographic s e t  by 
d i r ec t ion  cosines expressed i n  terms of the  Euler angles r e l a t i n g  the  two sets of 
axes. Def in i t ions  of t h e  forces ,  angles, and o+,her physical  parameters are given 
i n  appendix A; t h e  equations of motion f o r  the se lec ted  axes systems a re  given i n  
appendix B. 

Vehicle Description 

The spacecraf t  configuration considered i n  t h i s  study i s  shown i n  f igu re  2. 
It i s  a blunt-face capsule and i s  trimmed t o  a constant l i f t - d r a g  r a t i o  of 0.5 by 
means of center-of-gravity off  set i n  t h e  v e r t i c a l  d i rec t ion .  The spacecraf t  
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possesses s t a t i c  aerodynamic s t a b i l i t y ,  and t r a j e c t o r y  cont ro l  i s  accomplished 
by control l ing bank angle by which t h e  l i f t  vector  can be d i rec ted  upward, down- 
ward, o r  t o  e i t h e r  side.  

Aerodynamic Repre sentat ion 

Aerodynamic forces  and moments were expressed i n  t h e  body axes system, with 
wind-tunnel t es t s  and theory ind ica t ing  t h a t  

(2)  Cm and Cx were funct ions of angle of a t t a c k  (as shown i n  f i g .  2) .  

Control Systems 

Proportional reac t ion  cont ro ls  w e r e  provided about a l l  th ree  axes. Within 
t h e  atmosphere three axes damping augmentation using simple r a t e  damping w a s  
applied through the  react ion controls .  P i l o t  con t ro l l e r s  were provided f o r  a l l  
t h ree  axes; however, p i t c h  and yaw con t ro l l e r s  were used by t h e  p i l o t  only i n  
space environment t o  cont ro l  a t t i t u d e  o r  i n  the  atmosphere t o  damp vehicle  o s c i l -  
l a t i o n s  i n  simulated conditions of damper f a i l u r e .  

P i l o t  S ta t ion  and Display Instrumentation 

Figure 3 i s  a sketch of the  simulator equipment - t h e  instrument panel, 
pencil-type con t ro l l e r  a t  the r igh t  hand, foo t  pedals,  p i l o t  s ea t ,  and an 
X-Y p l o t t e r .  
t h e  vehicle axis of symmetry ( r o l l )  by l e f t  and r igh t  s t i c k  de f l ec t ions  and about 
t h e  t ransverse (p i t ch )  axis by fo re  and aft  s t i c k  def lec t ions .  
allow proportional cont ro l  of yawing ( l e f t  and r i g h t )  motions. 

The hand con t ro l l e r  permits proport ional  cont ro l  of motions about 

The foot  pedals 

Fl ight  da t a  displayed on t h e  main instrument panel are, on t h e  top  row, t i m e ,  
vehicle  veloci ty ,  vehicle angular v e l o c i t i e s  (p ,  
angle A, and crossrange Y. On t h e  middle row, the  f i r s t  two meters d isp lay  
normal accelerat ion and dynamic pressure $, respect ively.  The center  
instrument i s  a three-axis  a t t i t u d e  ind ica to r  displaying q, 6 ,  and $ on t h e  
b a l l  and angles of a t t a c k  a and s i d e s l i p  
the  ball. The two meters t o  t h e  r i g h t  of t he  a t t i t u d e  ind ica to r  d i sp lay  alti- 
tude h and r a t e  of  climb 6. On t h e  bottom row are presented t ransverse  accel-  
e r a t ion  %, r e su l t an t  acce lera t ion  aR,  quickened r e s u l t a n t  acce lera t ion  %, 
and range. On t h e  X-Y p l o t t e r  a t  t h e  p i l o t ' s  l e f t ,  vehicle  t r a j e c t o r y  i s  p lo t t ed  
t o  give the p i l o t  a c l ea r  p i c tu re  of h i s  downrange pos i t i on  and a l t i t u d e .  

q, and r ) ,  f l i gh t -pa th  heading 

p - o n  two b a r  i nd ica to r s  i n  f r o n t  of 

Above the main instrument panel an osci l loscope w a s  mounted, on which a com- 
pos i t e  guidance and s i tua t ion  d isp lay  w a s  presented. 
f o r  long range e n t r i e s ,  i n  which the p i l o t  could not be expected t o  perform t h e  
necessary cont ro l  of skipping t r a j e c t o r i e s  with the usua l  f l i g h t  instruments. 

The scope d isp lay  w a s  used 
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Preliminary runs indicated t h a t  t he  desired skips could be performed by following 
a given program o.? climb rates. 
t i o n  of axial acce lera t ion  and mechanized f o r  presentat ion on t h e  oscil loscope. 
Figure 4, a sketch of t h e  scope face,  shows the reference curve, with climb rate 
presented along the  abscissa  and axial accelerat ion along the  ordinate .  
a c t u a l  t r a j e c t o r y  condition w a s  shown by a moving pip,  and the  p i l o t  by control-  
l i n g  bank angle caused t h e  p i p  t o  follow t h e  reference curve. A s  a result of 
following t h i s  reference curve, a skip t o  an a l t i t u d e  of about 350,000 feet 
resul ted.  

The desired climb rates were expressed as a func- 

The 

To fu r the r  a i d  the  p i l o t ,  vehic le  bank angle was added t o  t h e  scope as a 
needle ind ica to r  corresponding t o  the roll a t t i t ude  of t he  vehicle  Z - a x i s .  
modification improved t h e  d isp lay  by eliminating t h e  t i m e  otherwise required i n  
scanning from t h e  oscil loscope t o  t h e  a t t i t u d e  indicator .  

This 

DISCUSSION O F  PROGRAMTNG TECHNIQUES 

Although t h e  programing techniques which a re  discussed herein do not neces- 
s a r i l y  represent  completely new concepts i n  analog computer programing, it i s  f e l t  
t h a t  ou t l i n ing  these  techniques i s  useful i n  ind ica t ing  t h e  extent  of t h e  simula- 
t i o n  problem and t h e  manner i n  which an ex is t ing  f a c i l i t y  might be u t i l i z e d  t o  
solve such a problem. 
t h i s  simulation consisted of two small consoles with mul t ip l i e r s  and resolvers  
which were electromechanical. 
readout equipment. 
pu ter  (EAI-231-R) became ava i lab le ,  a t  which t i m e  p a r t  of t h e  computer program 
w a s  t r ans fe r r ed  t o  it. This computer w a s  equipped with e l ec t ron ic  mul t ip l i e r s  
and automatic setup and readout equipment (ADIOS). 
t h e  e n t i r e  program w a s  t r ans fe r r ed  t o  the  more modern equipment. 

The analog computer capacity ex i s t ing  a t  t h e  beginning of 

This computer did not have automatic setup and 
During the  e a r l y  phases of t h i s  simulation a more modern com- 

After t h e  f a c i l i t y  expanded, 

Figure 5 shows a general  block diagram of  t h e  six-degree-of-freedom reent ry  
simulation, including cockpit .  For s implici ty ,  not a l l  of t h e  var iab les  which 
are displayed t o  t h e  p i l o t  a r e  shown on the  diagram. T h i s  simulation requires  
approximately 300 operat ional  ampl i f ie rs  plus  a l a rge  complement of nonlinear 
equipment. 
equipment w a s  used. T h i s  allowed complete s t a t i c  and dynamic checks t o  be per- 
formed da i ly .  Each day two d i f f e ren t  dynamic checks were performed. The f i rs t  
w a s  a complete six-degree-of-freedom response a t  an intermediate a l t i t u d e  where 
a l t i t u d e  rate w a s  small. T h i s  w a s  chosen t o  check the  dynamic response of t he  
computer. The second w a s  a t r a j e c t o r y  check where the  problem ran u n t i l  after 
vehic le  pul lout .  
were compared t o  the same conditions done on the  d i g i t a l  computer. A l l  the  
instruments i n  t h e  cockpit were monitored during t h e  t r a j e c t o r y  check t o  give 
assurance t h a t  they  were operating properly. 
of t h e  computer, t h e  e n t i r e  setup t i m e ,  including s t a t i c  and dynamic checks, 
required approximately 2 hours. 
been performed d a i l y  with su f f i c i en t  invest igat ion t i m e  remaining i n  a normal 
8- or 10-hour day without t h e  a i d  of th is  automatic setup and readout equipment. 

To minimize t h e  d a i l y  checkout t i m e ,  t he  automatic setup and readout 

This w a s  used t o  check the  long-time in tegra t ion .  These checks 

Using t h e  automatic setup fea tures  

Extensive checks of th i s  nature  could not have 
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Loop Analysis 

Dig i ta l  solut ions of the  uncoupled longi tudinal  and l a t e r a l  responses were 
obtained t o  be used as accuracy c r i t e r i a .  
p l i e r s  were used, t h e  analog solut ions did not agree with t h e  d i g i t a l  solut ions.  
The disagreement w a s  due t o  e r r o r s  i n  the  analog solut ion caused by t h e  poor 
dynamic response of the  servomultipliers.  
var iab les  approached 1 cycle per  second. A t  t h i s  frequency enough phase s h i f t  
was introduced by t h e  servomult ipl iers  t o  cause the  solut ions t o  diverge. For 
l i g h t l y  damped conditions t h e  analog solut ions had extensive e r ro r s ,  doubling 
t h e i r  amplitude i n  approximately three  cycles.  Since t h e  simulation w a s  
r e s t r i c t e d  t o  r e a l  t i m e ,  t h e  d i f f i c u l t y  could not be overcome by t i m e  scal ing.  
I f  su f f i c i en t  e l ec t ron ic  mul t ip l i e r s  had been ava i lab le  a t  t he  t i m e ,  a remedy 
would have been t o  replace a l l  t h e  mechanical components by e l ec t ron ic  components. 
However, only a l imi ted  number of t he  newly acquired e l ec t ron ic  components did 
e x i s t ,  and so it w a s  necessary t o  perform a loop ana lys i s  t o  determine where it 
would be most advantageous t o  replace electromechanical components with e l ec t ron ic  
components. 

When only t h e  electromechanical multi-  

The operating frequency of some of t he  

The discussion t o  follow poin ts  out t h e  approaches i n  this analysis .  

I n  the longi tudina l  inves t iga t ion ,  as a result of l i nea r i za t ion  and t h e  
assumption that la teral  var iab les  were zero  and l i n e a r  v e l o c i t i e s  (Vx 
were constant, the  problem w a s  reduced t o  a consideration of t h e  pitching-moment 
equation only. 

and Vz)  

The pitching-moment equation thus becomes 

By assuming t h a t  t he  damping and cont ro l  terms are equal t o  zero, t he  equation i s  
fu r the r  reduced t o  

I+ = (M), = cSdCm(a) 

which by v i r tue  of the  foregoing assumptions can be shown t o  be representat ive of 
a one-degree-of -freedom system possessing neu t r a l  o s c i l l a t o r y  s t a b i l i t y .  Figure 6 
shows t h e  pitching-moment program, with a l l  t h e  servomotors i n  the  loop as i n  t h e  
complete six-degree-of-freedom programing. The r e s u l t s  w e r e  unstable.  To f u r t h e r  
analyze the divergence, it can be assumed t h a t  a = 8; t h i s  assumption can be used 
t o  reduce the equation t o  

14 = qSdh(8 )  

The new loop then becomes tha t  shown by t h e  dot ted  l i n e  from t h e  8 i n t e -  
g ra to r  t o  the function generator.  This e l imina tes  a l l  t h e  servomotors from the  
loop except the  one driven by q. T h i s  r e su l t ed  i n  a neu t r a l ly  s t ab le  response. 
The next step w a s  t o  put everything back i n t o  t h e  loop again,  except the  servo- 
resolver  from which a i s  obtained. T h i s  w a s  accomplished by making a small 
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angle assumption f o r  a, where a = w/u. 
d iv is ion  mul t ip l ie r .  
gat ion only.) The r e s u l t  w a s  again divergent, which indicated one o r  a l l  three  
of t h e  o the r  servos were a t  f a u l t .  
mu l t ip l i e r s ,  which were driven by s i n  8 and cos 8,  with time-division multi- 
p l i e r s  t h e  divergence was eliminated. 

The d iv is ion  w a s  made by using a t i m e -  
(This s m a l l  angle assumption w a s  used f o r  t h e  loop inves t i -  

It was found t h a t  by replacing the  two servo- 

The same type of inves t iga t ion  w a s  conducted f o r  t h e  l a t e r a l  loop. However, 
here it w a s  more d i f f i c u l t  because the re  were two moment equations t o  consider. 
It w a s  found t h a t  similar component subs t i tu t ions  were required f o r  proper dynamic 
response. 

Linear Acceleration Errors  

Navigational e r r o r s  were encountered because of t he  scal ing required of t he  

VX,- = 400 f t / s ec2 ,  and 
Since the  equation 

t r a n s l a t i o n a l  equations. 
mum values of acce lera t ion  and ve loc i ty .  
Vx , max = 40,000 f t / s e c ,  r e su l t i ng  i n  a r a t i o  of 1 t o  100. 
must be scaled f o r  Vx and solved f o r  tx, this requi res  t h a t  t h e  tx terms be 

reduced appreciably by the  coef f ic ien t  potentiometers before  being summed by the 
in t eg ra to r .  I n  some cases the  acce lera t ion  voltage would be no grea te r  than t h e  
noise  l e v e l  of the  amplifier.  These low signals  being in tegra ted  over several  
hundred seconds produced i n t o l e r a t l e  e r r o r s  i n  ve loc i ty  and displacement. 
w a s  even more pronounced i n  the  equation during vehicle  pul lout  and peak 
a l t i t u d e  after the  pul lout  where the  accelerat ion depended completely on the  d i f -  
ference of g rav i ty  and t h e  cent r i fuga l  force terms. A remedy f o r  t h i s  d i f f i c u l t y  
i s  t o  decrease the  gain at t h e  input  of t h e  in tegra tor .  
decrease this gain w a s  t o  put an addi t iona l  1 pf capaci tor  i n  t h e  feedback of the  
in t eg ra to r  and then take  advantage of t h e  2 t o  1 slow fea ture  of the  computer. 
This  decreases the  gain of t he  in t eg ra to r  by a fac to r  of 4, which a4lows an 
increased vol tage s igna l  a t  t he  input of the in tegra tor .  For t h e  Vx equation 
another f a c t o r  of 3 w a s  gained by perturbing t h e  equation i n  addi t ion t o  using 
t h e  e x t r a  capac i tors  i n  t h e  feedback. Since Vx i s  always pos i t i ve  and f o r  most 
s tud ie s  never drops below 14,000 f t / s ec ,  the r e l a t ionsh ip  may be wr i t t en  as 

The e r r o r s  occurred because o f - t h e  l a r g e  r a t i o s  i n  m a x i -  
For example, 

T h i s  
V, 

The method used t o  

Vx = V,,, + AV, 

where Vx,o = 27,000 f t / s e c  and AVx ranges from 13,000 f t / s e C  t o  -13,Oo f t / s e c .  
Per turba t ion  of V, and Vy provided no advantage s ince t h e i r  pos i t ive  and nega- 
t i v e  m a x i m u m  values  a re  equal. 

Dynamic-he ssure Programing 

Since t h e  t r a j e c t o r y  of t he  vehicle  i s  very sens i t i ve  t o  t h e  dynamic pres- 
sure  through t h e  lift and drag forces ,  it i s  e s s e n t i a l  t o  ge t  t h e  bes t  sca l ing  
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possible  for c. The straightforward method of generating q multiplying 

9 by V') gives a maximum voltage of l e s s  than 3 v o l t s .  Two or  th ree  programing 

a l t e r n a t e s  can be adopted t o  improve t h i s  resolut ion.  Figure 7 shows a combina- 
t i o n  of programing methods which improves the  scal ing considerably. 
has a smaller var ia t ion  than p over a given range of a l t i t u d e ,  b e t t e r  scal ing 
w a s  obtained by forming 

I n  addition t o  t h i s ,  t h e  function 

a t i n g  only t h e  deviation from a s t r a i g h t  l i n e  &'I2 
Since 

- (  

Since 

and then squaring t h e  product t o  form $V2 = s. 
2 

can be more accurately formed by gener- 

on the function generator.  

p1/2 I 

t h e  major contribution i s  obtained from l i n e a r  equipment. 
i n  bet ter  scaling and accuracy f o r  

This method resul ted 
6. 

Dynamic Checks 

After these programing techniques were applied,  s a t i s f a c t o r y  dynamic checks 
I 

were obtained. 
t a l  r e s u l t s .  
f o r  the combined longi tudinal  and l a t e r a l  response, which a re  used f o r  t h e  dynamic 
response check. 
f o r  the t r a j e c t o r y  check. 

Figures 8(a) and 8(b) show the  comparison of the  analog and d ig i -  
Figure 8(a) compares t i m e  h i s t o r i e s  of p i tch ,  r o l l ,  and yaw r a t e s  

Figure 8(b) shows a l t i t u d e ,  dynamic pressure,  and a l t i t u d e  rate 

R o l l  Requirement 

It w a s  desired t o  be able t o  r o l l  t h e  vehicle  more than +180° and a l s o  t o  
I 

have t h i s  r o l l  angle displayed t o  the  p i l o t  on t h e  three-axis  a t t i t u d e  ind ica tor .  
The normal approach t o  t h i s ,  if t h e  angle were +180° o r  less, would be simply t o  
dr ive a servoresolver by t h e  angle, from which the  trigonometric f i n c t i o n s  could 
be obtained. The a t t i t u d e  ind ica tor  would be synchronized with the  resolver  d i s -  
playing t h e  same angle. 
approach had t o  be taken. The method of s teepes t  descent w a s  employed t o  obtain 
continuous resolution. The equations and programing of t h i s  method are shown i n  
f igure 9. Five amplif iers  and four  time-division mul t ip l ie rs  are used t o  solve 
the  equations. This supplies t h e  r o l l  angle f o r  t h e  equations of motion but not 
f o r  t h e  a t t i t u d e  indicator .  To supply t h e  angle $ t o  the a t t i t u d e  ind ica tor ,  
a 10-turn servomultiplier was driven by 
*5 revolutions. 

Since the servoresolver i s  l imi ted  t o  +180°, another 

@ with appropriate  scal ing t o  give 
The a t t i t u d e  ind ica tor  w a s  then synchronized with t h e  10-turn 



Oscilloscope Display 

The need f o r  an oscil loscope simultaneously displaying a programed longitud- 
i n a l  accelerat ion versus climb rate 6, t h e  ac tua l  versus 6, and t h e  
r o l l  angle Q( w a s  discussed i n  a previous sect ion of t h i s  t e x t .  The mechaniza- 
t i o n  of  t h i s  d i sp lay  would have been straightforward i f  three  channels were ava i l -  
able  on the  scope. However, only a s ingle  beam oscil loscope w i t h  dual-channel 
preamplif iers  i n  both horizontal  and v e r t i c a l  inputs  w a s  avai lable .  U s i n g  t h i s  
osci l loscope alone would have allowed only two var iab les  t o  be displayed simul- 
taneously. 
t r o n i c  switches formed by the t r ack  and hold f a c i l i t y  of the analog computer, a l l  
three  va r i ab le s  were displayed simultaneously. Figure 10 shows i n  block form the  
scope d isp lay  mechanization used. 
s tage.  
using t h e  t r a c k  and hold f a c i l i t y .  The programed 6 versus 5 i s  obtained from 
t h e  funct ion generator being swept by a t r iangular  wave a,. The angle @ i s  
formed by cos Q( s i n  Urt and x s i n  @ cos cut. 

By combining t h e  dual-channel preamplifier oscil loscope with two e lec-  

Electronic  switches 3 and 4 are i n  t h e  pream 
These were preceded by e l ec t ron ic  switches 1 and 2, which were formed by 

An important consideration i s  t h e  proper synchronization of a l l  t h e  switches 
involved. Switches 1 and 2 a r e  synchronized by having them operated by a common 
o s c i l l a t o r .  A synchronized r e l a t ionsh ip  
must a l s o  e x i s t  between switch p a i r s  1-2 and 3-4 t o  prevent f l i c k e r .  Frequencies 
used successful ly  f o r  switch -pair 1-2, switch p a i r  3-4, and s i n  cu t  were 150 cps 
t r i angu la r  wave, 33 cps square wave, and 100 cps s ine  wave, respect ively.  

This a l s o  i s  true f o r  switches 3 and 4. 

Future Programing Techniques 

Through ca re fu l  programing, t h e  use of e l ec t ron ic  components, and t h e  a i d  of 
t h e  automatic setup and checkout equipment, an adequate a l l  analog simulation w a s  
achieved. However, it became obvious t h a t  t h e  analog computer, p a r t i c u l a r l y  i n  
t h e  programing of t h e  l i n e a r  accelerat ions,  w a s  being used t o  the l i m i t  of i t s  
capabi l i ty .  It w a s  s t rongly indicated t h a t  it would be advantageous t o  pursue 
fu tu re  simulations of t h i s  nature  by using "hybrid" computation. A "hybrid" system 
composed of EAI-231-R consoles and a TRICE, which i s  a d i g i t a l  d i f f e r e n t i a l  ana- 
lyzer ,  i s  present ly  i n  t h e  checkout stage a t  t h e  Langley Research Center. 

FESULTS AND DISCUSSION 

Resul ts  of simulations of long range and short  range e n t r i e s  are presented 
and discussed. 

Long Range Entr ies  

I n  performing t h e  long range e n t r i e s  t he  composite scope presentat ion of 
acce le ra t ion  and rate of climb w a s  u t i l i z e d  as a guidance and s i tua t ion  display.  
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The control  maneuvers used by the  p i l o t  i n  following the  nominal curve ( f i g .  4) 
a r e  

(1) Hold bank angle of zero through pul lout  and i n t o  skip 

(2) Bank t o  near 90' t o  hold constant a l t i t u d e  rate of 1,200 f p s  

( 3 )  Hold bank angle of about 180' t o  decrease a l t i t u d e  r a t e  a s  acce lera t ion  
decreases - t h a t  i s ,  t h e  s lanted l i n e  corresponds t o  a skipout 
"warning" boundary, which t e l l s  t h e  p i l o t  t h e  acce lera t ion  value where 
h i s  rapid climb must be decreased t o  avoid uncontrollable skipouts 

(4)  Hold bank angle of approximately 90° o r  270° t o  maintain constant a l t i -  
tude rate of 600 f t / s e c  

( 3 )  As accelerat ion decreases, bank angle i s  gradually brought t o  0' bank 
angle t o  maintain t h e  a l t i t u d e  rate of 600 f t / s e c  

To improve t h e  accuracy of a l t i t ude - ra t e  data ,  a 3:l scale  change w a s  incor- 
porated a t  low acce lera t ion  during the  t i m e  t h e  p i l o t  held a climb rate of 
600 f t / s e c .  
a l t i t u d e  and range i n  the  skipping maneuver t o  the  vehicle  a l t i t u d e  r a t e  a t  e x i t  
from t h e  atmosphere. In f a c t ,  cont ro l  of t h i s  skipout a l t i t u d e  rate could be 
used t o  vary f i n a l  range. 

T h i s  scale  change w a s  necessary because of t h e  s e n s i t i v i t y  of maximum 

After  t he  high a l t i t u d e  skip w a s  completed and the  vehicle  again descended 
i n t o  denser atmosphere, a terminal  guidance t a s k  w a s  employed t o  cont ro l  t he  
vehicle  t o  t h e  desired touchdown point .  This t a s k  consisted of following an 
equilibrium g l ide  t r a j e c t o r y  which w a s  presented on an X-Y p l o t t e r .  
ence t r a j e c t o r y  used i s  show i n  f igure  ll(a) and corresponds t o  a termirial g l ide  
a t  an L/D of  0.3. The spacecraf t ,  possessing an L/D of 0.3, thus  has a capa- 
b i l i t y  f o r  being control led t o  t h e  reference t r a j e c t o r y  from e i t h e r  side of it. 

The r e fe r -  

Results of two p i lo t ed  e n t r i e s  a re  shown i n  f igu re  11. Data presented a r e  
t h e  var ia t ions  with downrange of a l t i t u d e ,  crossrange, acce lera t ion ,  r o l l  a t t i -  
tude,  and angle of a t tack .  Regardless of automatic damper condition the p i l o t  
d id  a good job of navigating t o  the  des t ina t ion .  (Note t h a t  a l l  r e e n t r i e s  were 
terminated a t  an a l t i t u d e  of 100,000 feet, t he  l i m i t  accepted f o r  analog scal ing.)  
The bank-angle curve shows t h e  maneuvers required t o  complete t h e  downrange t a s k  
with no resu l tan t  crossrange. For both damper conditions,  t h e  f i n a l  crossrange 
w a s  s m a l l .  With dampers out t he  p i l o t  w a s  not of ten  able t o  completely damp 
vehicle  angular motions and much of his a t t e n t i o n  w a s  required,  both i n  and out 
of t he  atmosphere, i n  monitoring and con t ro l l i ng  a t t i t u d e .  The angle-of-attack 
p l o t  i l l u s t r a t e s  two types of cor rec t ive  cont ro l  measures required of t h e  p i l o t  
with dampers out.  Out of t he  atmosphere, small p i t c h  rates caused the  angle of 
a t t ack  t o  slowly d r i f t  off  from t h e  t r i m  value of - 3 3 O  and t h e  p i l o t  pe r iod ica l ly  
introduced control  inputs  i n  t h e  opposite d i r ec t ion  when t h e  deviat ions became 
la rge .  
t r i m  angle of a t tack .  Within t h e  atmosphere it w a s  necessary f o r  t h e  p i l o t  t o  
monitor and occasionally damp, by con t ro l  inputs ,  t r a n s i e n t  motions i n  both angle 
of a t t a c k  (shown i n  f i g .  l l ( b ) )  and s i d e s l i p  (not  i l l u s t r a t e d ) .  

A s  the  vehicle reentered the  atmosphere, t he  p i l o t  would r ees t ab l i sh  t h e  

A s  a result of 
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t h i s  demand on t h e  p i l o t ’ s  a t t en t ion  and t h e  consequently reduced a t t en t ion  he 
could devote t o  the navigational task,  t he  all-dampers-out condition w a s  ra ted  
unacceptable f o r  normal operation. 

Short Range Entr ies  

For e n t r i e s  i n  which short  range was desired,  no guidance w a s  used but t he  
p i l o t  was given the  t a s k  of maintaining a constant 6g decelerat ion.  To accomplish - - 
such runs, quickened accelerat ion ‘(‘*I and vehicle  bank angle were 

displayed on the  oscil loscope. 
scope presentat ion used f o r  long range en t r ies .  The meri ts  of quickening as a 
p i l o t  a i d  i n  cont ro l l ing  a t t i t u d e  a re  wel l  established, and i n  t h i s  t r a j e c t o r y  
t a s k  t h e  p i l o t  w a s  able  t o  maintain a constant accelerat ion only when quickened 
acce lera t ion  w a s  displayed. 
i n  f igure  12. 
difference being t h e  lack  of precis ion i n  control l ing acce lera t ion  with a l l  
dampers out .  

T h i s  required only minor modifications of t h e  

Results of e n t r i e s  with dampers i n  and out are shown 
For both damper conditions safe e n t r i e s  were accomplished, t h e  main 

Minimum Display 

O f  i n t e r e s t  from s impl ic i ty  and emergency considerations a r e  t h e  minimum d i s -  
play instruments required f o r  a safe  en t ry  through the  atmosphere, i n  which no 
navigation i s  attempted. With s t a b i l i t y  augmenters operative,  t h e  p i l o t s  were 
able t o  make safe e n t r i e s  with only bank a t t i t u d e  and longi tudinal  acce lera t ion  
displayed. 
Figure 1-3 shows some r e s u l t s  f o r  both a shallow en t ry  and a s teep  en t ry ,  i n  which 
the p i l o t  t a s k  w a s  t o  maintain 2g. 

The r e s u l t s  corroborate those reported by other inves t iga tors  ( r e f .  5 ) .  

For t h e  shallow ent ry  the  p i l o t  inver t s  t h e  spacecraft  ( d i r e c t s  l i f t  down- 
From here he controls  t h e  bank angle as 

For t h i s  condition no attempt i s  made t o  control  t h e  
ward) unt i l  a 2g condition i s  reached. 
necessary t o  maintain 2g. 
crossrange. 

For t h e  s teep  en t ry  the  log  condition is  reached a t  pul lout  and a shallow 

The range t rave led  i n  the  steep en t ry  i s  l e s s  than t h a t  f o r  t h e  
climb i s  performed by t h e  p i l o t ,  t he  accelerat ion gradually leve l ing  off t o  the  
2g condition. 
shallow en t ry  because of a higher accelerat ion ( m a x i m u m  of log) environment. 

CONCLUDING RENARKS 

A p i lo t ed  e a r t h  r een t ry  at parabol ic  veloci ty  was s a t i s f a c t o r i l y  simulated 
through the use of analog computing equipment. 
study ind ica ted  t h a t  maneuvers required fo r  long-range navigation t a sks  could be 
accomplished with o r  without damping augmentation by using simple navigation d is -  
plays;  shor t  range e n t r i e s  could be accomplished with o r  without damping augmenta- 
t i o n  when t h e  p i l o t  w a s  presented a quickened accelerat ion s igna l  f o r  control ;  

The r e s u l t s  of t h e  simulation 
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and safe  e n t r i e s  could be performed from e i t h e r  a shallow o r  s teep e n t r y  condition 
w i t h  a display presentation of only bank angle and longi tudinal  accelerat ion,  the 
technique being t o  e s t a b l i s h  and maintain a constant accelerat ion condition. 
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APPENDIX A 

SYMBOLS 

flight-path heading angle 

acceleration resulting from aerodynamic forces 

rolling-moment coefficient 

pitching-moment coefficient 

yawing-moment coefficient 

longitudinal-force coefficient 

side-force coefficient 

normal-force coefficient 

aerodynamic derivatives 

capsule diameter 

gain 

acceleration due to gravity 

altitude 

moment of inertia about body X-axis 

moment of inertia about body Y-axis 

moment of inertia about body Z-axis 

product of inertia 

gain in quickened acceleration 

longitude 

lift-drag ratio 



} direction cosines 

(M), = CSdC, 

m vehicle mass 

M pilot control moment 

P, q 9  vehicle angular velocity about X-, Y-, and Z-axis, respectively 
- 
q dynamic pressure 

r vehicle distance from center of earth 

S capsule cross-sectional area 

t time 

u, v, w velocity component along body X-, Y-, and Z-axis, respectively 

v vehicle velocity 

x,y, z right-hand Cartesian axis system 

U angle of attack 

P angle of sideslip 

7 flight-path angle 
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h 

P 

$ 9  e , @  
(u 

Subscripts : 

X? Y? 

0 

latitude 

atmosphereic density 

Fhler angles relating body axes to geographic axes 

forcing frequency 

vector components along respective axes 

initial condition 

A dot over a symbol indicates a derivative with respect to time. 



APPENDIX B 

EQUATIONS OF MOTION 

Equations defining the angular and translatory motions of the spacecraft are 
Moment equat ons are written in a body axes system and translation 

Assumptions perti- 

given herein. 
equations are written in a geographic axes system in which the X-axis coincides 
with the horizontal component of the initial velocity vector. 
nent to the equations are 

(1) Axes system fixed to center of earth defines an inertial set 

(2) Earth is spherical and nonrotating 

( 3 )  Acceleration due to gravity is considered constant 

(4) Out-of-plane velocity Vy and displacement A are small such that 
tan A -  A. 

The following translation equations are obtained from the classical equations in 
spherical coordinates (for example, p. 5 1  of ref. 6) by introducing the assump- 
tions for Vy and A and neglecting higher order terms: 

Translation equations in geographic axes system: 

VXVZ Vx = Z1ax + mlay + nlaz + 7 

Vx2A V = l a  + m a  +n2az-- Y 2 x  2 Y  r 

V, = 2 ax + m 3 y  + n3az + g - - VX2 
3 r 

Moment equations in body axes system: 

Ix$ - (Iy - IZ)qr - I,? - Impq = L p + L p + Mx P P 
I~ - ( I ~  - IX)pr - 1,' 2 + Izp2 = Mqq + (M), + 

Iz+ - (Ix - IY)w - I& + Imqr = Nrr + NBP + Mz 

Euler angle rate equations: 

$ = p +  q sin fi tan e + r cos @ tan e 
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E, = q cos fl - r sin @ + L cos + 
cos #J sin @ 

+%a + = r -  cos e 
Aerodynamic forces : 

ax = - m 

?Is "y = m CYpP 

- cis a, - - Cz m 

Aerodynamic relations: 

Position data: 

W 
U 

tarla=- 

V p = -  v 

r 

= 'V, 



Vehicle control system: 

Control moment inputs  a r e  the  sum of pilot-applied moments and automatic 
damper inputs. These equations are 

MY - -  - is - kqs 
IY 

where %, kq, % are constant damper gains and $s, is, Ps a r e  p i l o t  inputs .  

% M y % .  L i m i t s  a r e  placed on - I x Y  q J  P,, qs, rs' 
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